Haploinsufficiency of the SHANK3 gene is causally linked to autism spectrum disorders (ASDs) in human genetic studies. Here we found that chemogenetic activation of pyramidal neurons in the prefrontal cortex (PFC) of Shank3-deficient mice with the hM3D (Gq) DREADD restored social preference behaviors and elevated glutamatergic synaptic function in PFC. Moreover, the expression of Sgk2 (serum-and glucocorticoid-inducible kinase 2), a member of the Sgk family, which plays a key role in regulating the membrane trafficking of glutamate receptors, was diminished by Shank3 deficiency and rescued by Gq DREADD activation of PFC. Blocking Sgk function in Shank3-deficient mice prevented Gq DREADD from rescuing social and synaptic deficits, whereas blocking Sgk function in wild-type mice led to the attenuation of PFC glutamatergic signaling and the induction of autismlike social deficits. These results have provided a potential circuit intervention and molecular target for autism treatment.
HIGHLIGHTS
Chemogenetic activation of PFC rescues social deficits in Shank3deficient mice Gq DREADD restores NMDAR and elevates AMPAR signaling in PFC of Shank3-deficient mice Gq DREADD recovers serum-and glucocorticoid-inducible kinase 2 (Sgk2) expression Sgk is required for chemogenetic rescue of social deficits and NMDAR hypofunction INTRODUCTION Autism spectrum disorders (ASDs) are a group of neurodevelopmental disorders characterized by persistent deficits in social communication and interaction, as well as restricted, repetitive patterns of behavior, interests, or activities. At present, there is no US Food and Drug Administration-approved medical treatment for core symptoms of ASDs, which makes the discovery of novel interventions an important undertaking in ASD research .
One of the key brain regions impaired in ASDs is the prefrontal cortex (PFC), which mediates ''highlevel'' executive functions, including working memory, sustained attention, decision making, and emotional control (Davidson, 2002; Arnsten and Rubia, 2012) . Glutamatergic transmission is pivotal for PFC-dependent functions, and disturbed glutamatergic system in frontal cortex has been identified in patients with ASD (Stoner et al., 2014) . One of ASD risk factors is the N-methyl-D-aspartate (NMDA)type glutamate receptor (Hu et al., 2016; Rossi et al., 2017) , which is required for neuronal survival, synaptic plasticity, and memory formation (Ikonomidou et al., 1999) . NMDA receptor (NMDAR) blockade or NR1 deficiency induces ASD-like social deficits in mice (Zou et al., 2008; Billingslea et al., 2014; Wesseling et al., 2014) .
Heterogeneous genetic variations are associated with ASD (Abrahams et al., 2013) , whereas haploinsufficiency of the Shank3 gene has been identified as a prevalent and highly penetrant monogenic cause of autism (Durand et al., 2007; Betancur and Buxbaum, 2013) . Shank3 encodes a scaffolding protein at postsynaptic density of glutamatergic synapses (Naisbitt et al., 1999; Hayashi et al., 2009) . Shank3-deficient mouse models exhibit ASD-like phenotypes (Wang et al., 2011 Kouser et al., 2013; Duffney et al., 2015; Qin et al., 2018) , as well as the significantly diminished NMDAR synaptic function in PFC Qin et al., 2018; Wang et al., 2019) .
To identify the neuronal circuits and molecular targets that could be involved in ASD treatment, we used the chemogenetic tool, designer receptors exclusively activated by designer drugs (DREADDs), to manipulate the activity of PFC neurons in wild-type or Shank3-deficient mice. The Gq-coupled hM3Dq DREADD or Gi-coupled hM4Di DREADD, which is activated by exogenous administration of the small molecule clozapine-N-oxide (CNO), induces neuronal burst firing or neuronal silencing, respectively (Rogan and Roth, 2011) . These reverse-engineered G protein-coupled receptors allow the remote, non-invasive, and long-lasting modulation of signal transduction pathways in discrete neuronal populations in vivo with therapeutic utility (Wess et al., 2013; Urban and Roth, 2015) .
RESULTS

Chemogenetic Activation of PFC Pyramidal Neurons Rescues Social Behavioral Deficits in Shank3-Deficient Mice
Shank3-deficient mice exhibited autism-like social preference deficits Qin et al., 2018) .
To determine whether this behavioral abnormality can be ameliorated by activating PFC pyramidal neurons, we injected the mCherry-tagged CaMKII-driven hM3D (Gq)-coupled DREADD adeno-associated virus (AAV) Wang et al., 2018) bilaterally into the medial PFC ( Figure 1A ). Layer 5 pyramidal neurons, which showed the clearest deficits in autistic children (Stoner et al., 2014) , were selected for electrophysiological recordings Zhong and Yan, 2016; Qin et al., 2018) . As shown in Figures  1B and 1C , application of CNO (3 mg/kg, intraperitoneally [i.p.]) significantly increased the frequency of spontaneous action potentials (sAPs) in hM3D(Gq)-expressing PFC pyramidal neurons in both wild-type (WT) and Shank3-deficient mice (WT + Gq + saline: 1.34 G 0.12 Hz, n = 22 cells/5 mice; WT + Gq + CNO: 3.59 G 0.46 Hz, n = 15 cells/4 mice; Shank3 +/DC + Gq + saline: 1.29 G 0.17 Hz, n = 20 cells/5 mice; Shank3 +/DC + Gq + CNO: 4.62 G 0.23 Hz, n = 12 cells/4 mice; F 1,65(treatment) = 118.7, p < 0.0001, two-way ANOVA), confirming the elevation of neuronal activity by this chemogenetic approach.
Next, we examined the impact of chemogenetic activation of PFC pyramidal neurons on autism-like social deficits in young (5-6 weeks old) male Shank3 +/D mice. As shown in Figure 1D , in the three-chamber sociability assay, CNO (3 mg/kg, i.p.)-treated Shank3 +/D mice (hM3Dq-injected) spent significantly more time exploring the social stimulus over the non-social object, whereas saline-treated Shank3 +/DC mice showed a significant loss of the preference for the social stimulus and WT mice (hM3Dq-injected) treated with CNO had unchanged social preference (F 3,88 (interaction) = 7.12, p < 0.001, n = 10-14 each group, two-way ANOVA). Social preference index was significantly elevated in Shank3 +/DC mice after CNO treatment (Figures 1E and 1F, WT + Gq + saline: 49.1% G 2.82%, n = 10 mice; WT + Gq + CNO: 51.7% G 2.94%, n = 10 mice; Shank3 +/DC + Gq + saline: 18.0% G 3.43%, n = 14 mice; Shank3 +/DC + Gq + CNO: 53.2% G 3.50%, n = 14 mice, F 1,44(treatment) = 31.37, p < 0.001, two-way ANOVA), indicating the dramatic alleviation of autism-like social preference deficits. To determine the specificity of the increased social preference by chemogenetic activation of PFC pyramidal neurons, we compared the preference of animals during phase I in the three-chamber sociability assay when they were exposed to two identical non-social stimuli . CNO or saline-treated Shank3 +/DC mice (hM3Dq-injected) showed almost no preference on these non-social objects (preference index, Shank3 +/DC + Gq + saline: 4.4% G 5.6%, n = 7 mice; Shank3 +/DC + Gq + CNO: 5.6% G 4.0%, n = 9 mice, p = 0.86, t test), indicating that the increase in preference seen in Shank3 +/DC mice after DREADD excitation of the medial prefrontal cortex (mPFC) is specific for social stimuli. Although systemically injected CNO can convert to clozapine (Gomez et al., 2017) , clozapine treatment (5 mg/kg, once daily for 3 days) itself failed to increase social interaction time or social preference in Shank3 +/D mice .
We further examined social approach behaviors in Shank3 +/DC mice with mPFC injection of hM3Dq. As shown in Figures 1G and 1H , Shank3 +/DC mice treated with CNO spent significantly more time approaching and interacting with social stimuli than saline-treated Shank3 +/DC mice, whereas CNO did not change social approach behaviors in WT mice (WT + Gq + saline: 128.8 G 9.3 s; WT + Gq + CNO: 116 G 12.1 s; Shank3 +/DC + Gq + saline: 81.3 G 10.8 s; Shank3 +/DC + Gq + CNO: 127.7 G 14.7 s, n = 13 each group, F 1,48(interaction) = 6.22, p < 0.05, two-way ANOVA).
To find out the duration of the rescuing effect of chemogenetic activation of PFC pyramidal neurons, we performed social preference assays in Shank3 +/DC mice (hM3Dq-injected) at various time points after CNO treatment. The significantly increased social preference index in Shank3 +/DC mice was observed at 1 h, but not 24 h, after CNO injection, and re-injection of CNO significantly increased social preference index again, but the effect disappeared after 24 h ( Figure 1I A variety of other behaviors were also examined in Shank3 +/DC mice with chemogenetic activation of PFC pyramidal neurons. As shown in Figures 1J-1L , no differences were observed in locomotion, rotarod, and open-field tests between WT and Shank3 +/DC mice (hM3Dq-injected) treated with saline or CNO (n = 11-12 each group), suggesting that CNO does not alter motor coordination or anxiety-like behaviors.
Chemogenetic Activation of PFC Pyramidal Neurons Restores NMDAR Function and Facilitates AMPAR Functions in Shank3-Deficient Mice
Our previous studies found that NMDAR function in PFC was selectively diminished in Shank3-deficient mice Qin et al., 2018) . Next, we measured the impact of chemogenetic activation of PFC pyramidal neurons on NMDAR-mediated excitatory postsynaptic current (EPSC) in WT and Shank3 +/DC mice. We found that CNO treatment (1-2 h) restored the input/output curves of NMDAR-EPSC in PFC neurons of Shank3 +/DC mice (hM3Dq-injected) and elevated NMDAR-EPSC in PFC neurons of WT mice (hM3Dq-injected) (Figure 2A , F 3,44(treatment) = 23.6, p < 0.0001, n = 12 cells/3 mice for each group, two-way repeated measures ANOVA (rmANOVA)). No rescue of NMDAR-EPSC was found at 24 h after CNO injection ( Figure S1A , F 3,44(treatment) = 15.02, p < 0.0001, n = 12 cells/3 mice for each group, two-way rmANOVA).
To directly visualize synaptic NMDARs, we performed immunostaining of NR2A, a major subunit of synaptic NMDARs. As shown in Figures 2B and 2C , CNO-treated Shank3 +/DC mice (hM3Dq-injected) had a significant increase in the expression level of NR2A puncta in PFC neurons, compared with saline-treated Shank3 +/DC mice (integrated intensity: WT + Gq + saline: 100 G 7.5; WT + Gq + CNO: 124.6 G 4.0; Shank3 +/DC + Gq + saline: 68.3 G 4.2; Shank3 +/D +Gq + CNO: 110 G 4.4, F 1,42(treatment) = 38.7, p < 0.0001, n = 10-12 images/3 mice each group). Co-staining of NR2A and PSD-95 (a synaptic marker) confirmed the synaptic location of NR2A puncta ( Figure S2A ). These data indicate that the diminished synaptic expression and function of NMDARs in Shank3-deficient mice are normalized by chemogenetic activation of PFC pyramidal neurons.
For AMPAR-EPSC, no significant difference was found between saline-treated WT and Shank3 +/DC mice (hM3Dq-injected); however, CNO administration (1-2 h) significantly increased the amplitude of AMPAR-EPSC evoked by a series of stimulation intensities in both WT and Shank3 +/DC mice ( Figure 3A , F 3,44(treatment) = 42.7, p < 0.0001, n = 12 cells/4 mice for each group, two-way rmANOVA Figure S1B , F 3,44 (treatment) = 0.38, p = 0.77, n = 12 cells/3 mice for each group, two-way rmANOVA).
Immunostaining of GluR2 was also performed to visualize synaptic AMPARs. As shown in Figures 3D and  3E , despite the lack of difference in the expression level of GluR2 puncta in saline-treated WT and Shank3 +/ D C mice (hM3Dq-injected), CNO treatment caused a modest but significant increase of GluR2 expression in both WT and Shank3 +/DC mice (integrated intensity: WT + Gq + saline: 100 G 2.8; WT + Gq + CNO: 115.5 G 3.4; Shank3 +/DC + Gq + saline: 99.4 G 5.5; Shank3 +/DC + Gq + CNO: 123.8 G 2.8, F 1,42(treatment) = 29.7, p < 0.0001, n = 10-13 images/3 mice each group). The synaptic location of GluR2 puncta was confirmed by co-staining of GluR2 with PSD-95 ( Figure S2B ). These results indicate that the synaptic expression and function of AMPARs are elevated by chemogenetic activation of PFC pyramidal neurons.
Sgk Is Required for Chemogenetic Rescue of Social and Synaptic Deficits in Shank3-Deficient Mice, as well as for Normal Synaptic Function and Social Behaviors in WT Mice
Next, we examined potential molecular mechanisms underlying the rescuing effect of chemogenetic activation of PFC pyramidal neurons in Shank3-deficient mice. Our previous studies have found that the synaptic delivery of NMDARs is impaired in PFC neurons of Shank3 +/DC mice Qin et al., 2018) , and the membrane trafficking of glutamate receptors is facilitated by serum-and glucocorticoid-inducible kinases (Sgk, Yuen et al., 2011) . Sgk is a family of immediate-early genes and serine/threonine kinases, which plays an important role in the regulation of ion channels, enzyme activity, gene transcription, hormone release, and neuroexcitability (Lang et al., 2006) . The onset kinetics of the CNO effect (>1 h) is consistent with the time frame of Sgk activation, suggesting the potential involvement of Sgk in the chemogenetic rescue.
We first compared the expression level of Sgk in WT and Shank3 +/DC mice (hM3Dq injected) treated with saline or CNO (1-2 h). Other related molecules, including calcium-and calmodulin-dependent protein kinase II (CaMKII), Src family tyrosine kinase Fyn, mGluR-and Shank-interacting protein Homer1, and activityregulated cytoskeleton-associated protein Arc, were also compared. Quantitative PCR analyses ( Figure 4A ) showed that Shank3 deficiency induced a significant decrease of the mRNA level of Sgk2, Homer1a, Homer1b, and Arc, but did not change the mRNA level of Sgk1, Sgk3, CaMKIIa, or Fyn. CNO treatment of Shank3 +/DC mice restored the expression of Sgk2 (F 1,24 (genotype) = 82.83, p < 0.0001, F 1,24 (treatment) = 23.93, p < 0.0001, n = 6-8/each group, two-way ANOVA), but not Homer1a/b or Arc. The expression of these genes might require stronger or prolonged stimulation, and additional work would be needed to clarify the specific reason for the differences in expression of these genes versus Sgk2. CNO treatment of WT mice elevated Sgk2 and Sgk3 mRNA levels. The restoration of Sgk2 expression in Shank3 +/DC mice was not observed at 24 h after CNO injection ( Figure S3 ).
To find out whether the selective restoration of Sgk2 expression is required for the behavioral and synaptic rescue by chemogenetic activation of PFC pyramidal neurons, we inhibited Sgk function in Shank3-deficient mice. Sgk phosphorylates serine and threonine residues in the motif R-X-R-X-X-(S/T), so we used an Sgk substrate peptide (RPRAATF), which competitively blocks the interaction of Sgk with its endogenous substrates. The peptide was coupled to the protein transduction domain of the human immunodeficiency virus (HIV) TAT protein (YGRKKRRQRRR), which rendered it cell and blood-brain barrier permeant. Our previous studies have shown that Sgk function in PFC neurons can be inhibited by the systemic injection (intravenous [i.v.]) of the TAT-Sgk peptide (Yuen et al., 2011) .
Shank3 +/DC mice (hM3Dq-injected) were injected with TAT-Sgk peptide (50 pmol/g, i.v.) or a control TAT peptide at 30 min before CNO treatment. From the three-chamber sociability assay, we found that in Shank3 +/DC mice injected with TAT-Sgk peptide, CNO (3 mg/kg, i.p.) treatment failed to elevate the social interaction time (Figure 4B , TAT-Sgk peptide: 68.9 G 6.2 s (Soc [social]), 50 G 5.6 s (NS [non-social]); TAT-peptide, 101 G 12 s (Soc), 28.3 G 2.8 s (NS), n = 8/group; F 1, 28 (interaction) = 12.8, p < 0.01, two-way ANOVA) and failed to restore the social preference index ( Figure 4C , TAT-Sgk peptide: 16.2% G 5.9%, n = 8, TAT peptide: 54.7% G 4.0%, n = 8, p < 0.001, t test). In addition, electrophysiological studies found that CNO failed to restore NMDAR-EPSC in Shank3 +/DC mice injected with TAT-Sgk peptide, but not TAT control peptide ( Figure 4D , F 1,22 (treatment) = 25.91, n = 12 cells/3 mice each group, p < 0.001, two-way rmANOVA). These data suggest that Sgk is required for the chemogenetic rescue of social deficits and NMDAR hypofunction in Shank3-deficient mice.
To further test the causal role of Sgk in synaptic and social deficits associated with autism, we inhibited Sgk function in WT mice and examined its impact on synaptic function and social behaviors. We found that TAT-Sgk peptide injection (50 pmol/g, i.v.) to WT mice caused a significant reduction of NMDAR-EPSC ( 
Chemogenetic Inhibition of PFC Pyramidal Neurons in WT Mice Is Insufficient to Induce Autism-like Social Deficits and Change Sgk Expression
As chemogenetic activation of PFC with hM3D(Gq) rescued social deficits in Shank3-deficient mice, we further tested whether chemogenetic inactivation of PFC is able to induce autism-like social deficits in WT mice. The mCherry-tagged CaMKII-driven Gi-coupled hM4-muscarinic receptor (hM4Di AAV), which iScience 17, 24-35, July 26, 2019 induces neuronal silencing upon its activation by CNO (Urban and Roth, 2015) , was injected bilaterally into the medial PFC of WT mice. Application of CNO (3 mg/kg, i.p.) significantly decreased the frequency of sAP in PFC pyramidal neurons of hM4Di-injected WT mice ( Figure 5A , WT + Gi + saline: 1.11 G 0.09 Hz, n = 14 cells/4 mice; WT + Gi + CNO: 0.25 G 0.04 Hz, n = 14 cells/4 mice; p < 0.0001, t test), confirming the inhibitory effect of this chemogenetic approach.
In the three-chamber sociability test, WT mice (hM4Di-injected) treated with CNO (3 mg/kg, i.p) or saline had similar social interaction time ( Figure 5B , n = 12 pairs) and social preference index ( Figure 5C , p > 0.05, t test). Social approach behavior was unchanged by CNO treatment of WT mice ( Figure 5D , n = 12 pairs). Locomotion, rotarod, and open-field tests also failed to find differences between CNO and saline-injected WT mice ( Figures 5E-5G , n = 12 pairs). Moreover, quantitative PCR analyses showed no significant difference in the mRNA level of Sgk1, Sgk2, and Sgk3 between WT mice (hM4Di-injected) treated with CNO and saline ( Figure 5H, n = 8 pairs) . Next, we examined the impact of chemogenetic inactivation of PFC pyramidal neurons on glutamatergic transmission. No significant difference was found in WT mice (hM4Di-injected) treated with CNO (1-2 h) or saline on NMDAR-EPSC ( Figure 5I, F 1, 22 (treatment) = 0.09, p = 0.76, n = 12 cells/3 mice for each group, two-way rmANOVA) or AMPAR-EPSC ( Figure 5J, F 1, 22 (treatment) = 0.23, p = 0.64, n = 12 cells/3 mice for each group, two-way rmANOVA). These results suggest that dampening the PFC neuronal activity in WT mice is not sufficient to induce autism-like social deficits, which could be due to the lack of changes in Sgk expression and NMDAR function. These results are consistent with prior optogenetic studies that inhibiting mPFC does not disrupt normal social preference in WT mice (Yizhar et al., 2011) .
DISCUSSION
Using the DREADD-based strategy, which has the capability to precisely control long-range and local neural network (Alexander et al., 2009; Michaelides et al., 2013; Wess et al., 2013; Urban and Roth, 2015) , we have found that chemogenetic activation of PFC pyramidal neurons rescues autism-like social deficits in Shank3-deficient mice. Consistently, cognitive and social impairments in another autism model, transgenic mice carrying 16p11.2 deletion (16p11 +/À ), are also ameliorated by elevating PFC neuronal activity with Gq-coupled DREADD . It suggests that manipulating key neuronal circuits could be an effective avenue to alleviate behavioral abnormalities of ASD.
The behavioral effects of chemogenetic activation of PFC pyramidal neurons in Shank3-deficient mice are associated with the restoration or facilitation of NMDAR and AMPAR synaptic function, consistent with the implication of glutamatergic deficits in ASD (Wang et al., 2011 Kouser et al., 2013; Duffney et al., 2015; Qin et al., 2018) . The membrane trafficking of glutamate receptors is regulated by a wide variety of molecules, including scaffolding proteins, synaptic plasticity genes like Arc, and protein kinases like CaMKII, Fyn, and Sgk (Prybylowski et al., 2005; Chowdhury et al., 2006; Yuen et al., 2011) . Dysregulated NMDAR trafficking and synaptic efficacy are suggested to contribute to neuropsychiatric disorders like schizophrenia and stress-related diseases (Lau and Zukin, 2007; Popoli et al., 2011) .
In search of potential molecular targets that are involved in Shank3 deficiency-induced loss of synaptic NMDARs and chemogenetic elevation of NMDAR and AMPAR function, we have found that only the Sgk family member Sgk2 shows diminished expression in Shank3-deficient mice, which is rescued by Gq-DREADD. Sgk is a family of serine/threonine kinase that plays a key role in regulating the trafficking of ion channels and transporters (Lang et al., 2006) . Our previous studies have shown that stimulation of Sgk transcription elevates the expression of surface NMDARs and AMPARs (Yuen et al., 2011) by facilitating Rab4-mediated recycling of glutamate receptors to the synaptic membrane (Liu et al., 2010) . Sgk is also a family of immediate-early gene that can be transcriptionally activated by stress hormones and phosphoinositide-3 kinase (PI3K) signaling pathway (Park et al., 1999) . Activation of protein kinase C (PKC) has been shown to potentiate the activity of PI3K (Ziemba et al., 2016) . Therefore, Gq-DREADD may elevate the mRNA level of Sgk2 via the PKC-PI3K cascade. Our discovery that blocking Sgk function in Shank3-deficient mice prevents Gq-DREADD from restoring NMDAR function and rescuing social deficits, and blocking Sgk function in WT mice induces the loss of PFC glutamatergic transmission and autism-like social deficits, further confirms the necessity and sufficiency of Sgk in these processes. Results gained from this study have provided insights into the circuity intervention and molecular targets for ASD treatment.
Limitation of the Study
Our evidence has suggested that the restored Sgk2 expression in Shank3-deficient mice induced by chemogenetic activation of PFC may contribute to the restoration or facilitation of NMDAR and AMPAR synaptic function and the rescue of social deficits; however, indirect effects cannot be ruled out. Several immediate-early genes show activity-dependent expression, and this may be responsible for the increased expression of Sgk2. Additional work would be needed to confirm that activity-dependent expression is indeed responsible for upregulation of Sgk2. The other limitation is the lack of direct visualization of the synaptic expression of NMDARs and AMPARs elevated by chemogenetic activation of PFC pyramidal neurons. Co-staining NR2A or GluR2 with PSD-95 in Gq DREADD-infected brain slices in WT or Shank3-deficient mice would provide complementary evidence in support of the electrophysiological data, but cannot currently be performed due to technical limitations.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. 
SUPPLEMENTAL INFORMATION
Transparent Methods
All the details about experimental procedures are included in Supplemental Information.
Mice expressing C-terminal (exon 21) deleted Shank3 (Jackson Labs, Bar Harbor, ME) were maintained as previously described Qin et al., 2018; Wang et al., 2019) .
Since only the hemizygous deletion or loss-of-function mutation in the Shank3 gene has been linked to human autism and intellectual disability (Durand et al., 2007) 
Behavioral Testing
Social Preference Test: A three-chamber social interaction assay was performed to assess social deficits Qin et al., 2018) . Briefly, an apparatus (L: 101.6 cm, W: 50.8 cm, H: 50.8 cm) containing three chambers with retractable doorways allowing for access to side chambers was used. The test was composed of two phases with different stimulus in each of two side chambers. Each stimulus was placed inside a capsule (an inverted pencil cup, D:
10.2 cm, H: 10.5 cm). An upright plastic drinking cup was weighed down and placed on top of each capsule to prevent the subject mouse from climbing on top. The 1 st phase contained two identical nonsocial stimuli (black folded papers), the 2 nd phase contained a nonsocial (NS) stimulus (a wood block) and a social (Soc) stimulus (an age-and sex-matched wild-type mouse of the same strain). Locations of the NS and Soc stimuli were counterbalanced. Animals were habituated in the apparatus for two days before testing. During the habituation, two empty capsules were placed at side chambers, and animals were allowed to explore the central chamber for 10 minutes followed by an additional 10-min exploration with free access to all 3 chambers of the apparatus. During the sociability measurement, different stimuli were placed inside capsules at side chambers, and the test animal was placed in the center chamber, and was free to explore the apparatus for 10 minutes in each phase, while it was returned to home cage during the 5-min intervals between test phases. The chamber was cleaned with 75%
Ethanol after each phase. Interaction time was counted based on "investigating" behaviors of the test animal to each stimulus. A computer running the Any-maze behavior tracking software (Stoelting, Wood Dale, IL) measured the time of the test animal spent at the close proximity of the capsule (distance of animal head to cup edge: ≤3.5 cm). Preference index scores were calculated, where time spent with one stimulus was subtracted from the time spent with the other stimulus and divided by the total time spent exploring both stimuli.
Social Approach Test:
The test animal was habituated in an apparatus (L: 67.7 cm, W: 50.8 cm, H: 50.8 cm) containing a capsule (an inverted pencil cup, placed in the center area) for 10 min, then was returned to the home cage. The apparatus was cleaned and a social stimulus (an ageand sex-matched wild-type mouse of the same strain) was placed inside the capsule. The test animal was put back into the apparatus to explore for 10 min. The time spent on interacting with the social stimulus was measured.
Rotarod Test: To assess motor coordination and balance, an accelerating rotarod (SD instruments, San Diego, CA) was used. Mice were placed on a cylinder, which slowly accelerated from 4 to 40 revolutions per minute over a 5-min test session. The task requires mice to walk forward in order to remain on top of the rotating cylinder rod. 
